The pill millipede species Glomeris aurita Koch, 1847 remained of relative unknown origin and appearance until its recent rediscovery in samples from the Bergamasque Alps, northern Italy. In order to provide an integrative redescription and accurate identification of the high-altitude microendemic G. aurita, COI barcode sequences from three individuals coming from two different localities were obtained.
INTRODUCTION
More than 160 years ago Koch described the endemic species Glomeris aurita (1847) from 'upper Italy'. While this species was mentioned in the literature by Brölemann (1895) , and listed as a species occurring in caves east of Lago di Como by Manfredi (1932) , definite specimen-based records have been absent since 1895. Verhoeff, Attems and Strasser, probably the most prolific researchers and collectors of the northern Italian millipede G. primordialis (Verhoeff, 1936) . Citizen science plays an even greater role in the digital age through large websites (iNaturalist, 2018) visited by thousands of people every day, many providing image vouchers for numerous species. However, most of the recorded species are those that are large enough (usually >10 mm), can easily be seen, and can be identified based on photographs, something impossible for the majority of soil arthropods such as millipedes. Luckily, for pill millipedes of the genus Glomeris, the color pattern is an important character to distinguish species. Regarding G. aurita, citizen scientists, including Fernando Scarlassara, from the Italian naturalist online forum 'NaturaMediterraneo' (NaturaMediterraneo, 2018) have provided further locality data of the species that greatly expands its known distribution. As these citizen scientists did not collect and conserve encountered specimens, photographic evidence can be used as vouchers for the localities.
This study shows how molecular barcoding techniques can correctly distinguish between colour morphs and separate species of Italian pill millipede species. The importance of citizen science, the passing on of by catch, and the value of the examination of the collections of local museums allows the outline of the distribution and the ecological niche of hard-to-collect species such as high-montane endemics.
MATERIAL AND METHODS

Morphological analysis
Aside from the coloration pattern, the number of thoracic shield striae are the most important taxonomic character in the genus Glomeris. In order to assess the intraspecific variation of the striae, they were counted for 58 specimens from 10 localities of G. aurita as well as for 59 specimens from 21 localities of the syntopic G. oblongoguttata. Specimens of both sexes as well as juveniles were included (Supplementary information 1).
For scanning electron microscopy (SEM), samples were transferred to 100% ethanol, dried overnight, sputtered with gold and observed under a Hitachi S4260 scanning electron microscope. As the taxonomically relevant characters for species of the genus Glomeris have not been explored in detail, as many potentially important characters as possible are illustrated.
To assess the utility of less invasive techniques to study the taxonomically relevant characters of pill millipedes, a micro CT scan of a specimen of G. aurita was also conducted. Obtained results were compared with those of the SEM. For micro-CT, the specimen was scanned in ethanol inside the collection vial in a Bruker Skyscan 1,272 system. Settings were: Source Voltage =60 kV, Source Current = 166 µA, Exposure = 915 ms, Rotation of 360 • in Rotation Step of 0.2 • , Frame Averaging = 7, Random Movement = 15, Flat Field Correction ON, Geometrical Correction ON, Filter = Al 0.25 mm. Reconstruction and thermal drift correction was performed in NRecon 1.7.0.4 (Bruker microCT). The resulting image stack was cropped in ImageJ (Abràmoff, Magalhães & Ram, 2004) , preserving the original pixel sizes. Subsequent volume rendering and measurements were done in Drishti 2.6 (Limaye, 2012) . 
MH574907
Notes. *marks newly sequenced specimens.
Biogeographic data sampling via citizen scientists and museum collections
All Glomerida material of the vast collections (>200 vials) of the local Italian museum, the Museo di Scienze Naturale ''E. Caffi'', in Bergamo was obtained on loan and determined to species-level (see below). A further five localities for G. aurita were discovered via posts in an Italian naturalist forum (Natura Mediterraneo) and thankfully mapped by F. Scarlassara. For these five localities (detailed below) only photographic evidence for the occurrence of the species exists.
DNA extraction, amplification and sequencing
Generally, the DNA protocol was similar to that employed in earlier studies (Wesener, 2015a; Wesener, 2015b) , utilizing the degenerated HCO-JJ/LCO-JJ primer pair (Astrin & Stüben, 2008) . The three new sequenced have been uploaded to Genbank under the code MH574905-MH574907 (Table 1) .
Alignment and distance analysis
Sequences were aligned by hand in Bioedit (Hall, 1999) . The final dataset included 24 nucleotide sequences with 657 positions (three newly sequenced and 21 from Genbank, see Table 1 ). The alignment is provided as (Supplementary information 2) . Phylogenetic analyses were conducted in MEGA6 (Tamura et al., 2013) . A Modeltest, as implemented in MEGA6 (Tamura et al., 2013) , was performed to find the best fitting maximum likelihood substitution model. Models with the lowest BIC scores (Bayesian Information Criterion) are considered to describe the best substitution pattern. Codon positions included were 1st + 2nd + 3rd. Modeltest selected the Hasegawa-Kishino-Yano model (Hasegawa, Kishino & Yano, 1985) with gamma distribution and invariant sites as best fitting model (lnL −2,692.89, Gamma 0.11, R 5.29, Freq A: 0.265, T: 0.39, C: 0.141, G: 0.204).
The evolutionary history was inferred by using the maximum likelihood method based on the selected Hasegawa-Kishino-Yano model (Hasegawa, Kishino & Yano, 1985) . The tree with the highest log likelihood (−2690.02) is shown. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences among sites (five categories (+G, parameter = 0.1129)). The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 24 nucleotide sequences. Codon positions included were 1st + 2nd + 3rd. The bootstrap consensus tree inferred from 1000 replicates (Felsenstein, 1985) is taken to represent the evolutionary history of the analyzed taxa. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
The number of pairwise base differences per site were calculated in MEGA6 (Tamura et al., 2013) . Codon positions included were 1st + 2nd + 3rd. In the distance analysis, all positions containing 'N's were removed for each sequenced pair. There were a total of 657 positions in the final dataset. The results are shown in Table 2 .
RESULTS
Sequence data and distance analysis
Our genetic analysis recovers G. aurita in a distinct monophyly with high statistical support (Fig. 1) . G. aurita is in a well-supported sister-group (86%) with the other Bergamasque endemic G. oblongoguttata. Both are standing in a grouping supporting the G. klugii species-group, with G. klugii followed by G. oropensis and G. transalpina; G. primordialis is in the basal-most position. The other three species are separate, with G. romana in an unsupported sister-group with G. marginata and G. connexa (Fig. 1 ).
G. aurita shows the lowest interspecific genetic distance to G. oblongoguttata (Table 2,  8 .2-8.5%) and G. klugii (8.4-9.4%), both of which occur in direct syntopy. The two sampled populations of G. aurita show an intraspecific variation of 2.4%, with both specimens from the Valle d'Arera showing an identical haplotype. Table 2 The number of base differences per site from between sequences are shown. The analysis involved 24 nucleotide sequences. Codon positions included were 1st+2nd+3rd. All ambiguous positions were removed for each sequence pair. There were a total of 657 positions in the final dataset. Intraspecific distances in bold. Asterisks mark specimens sequenced for this study. Glomeris aurita Koch, 1847 Koch, 1847: 92 (Sierwald & Reft, 2004) . Distribution: Bergamasque Alps from east of Lago di Como to slightly east of the Lago di Garda (Fig. 2) , where G. aurita is found in exposed mountain meadows (Fig. 3A) . Differential diagnosis: Colour pattern: G. aurita resembles in its coloration the black colour morph of G. romana (Fig. 3B ). Such orange (but mostly yellowish) bands also occur in G. klugii, G. oblongoguttata (Fig. 3C ) and G. primordialis as well as in the two high-altitude species G. transalpina and G. oropensis. However, only in G. aurita, the orange (sometimes yellow) band of the thoracic shield expands centrally (Figs. 3D-3H ). The whole ventral side of G. aurita is black, in most other Glomeris species it is more grayish in colour. Striation: G. aurita can be easily distinguished from G. klugii and G. oblongoguttata, both of which live in syntopy (all other species are not reported from the distribution area of G. aurita), in the thoracic shield stria (see Supplementary information 1 for a comparison of G. aurita with the syntopic G. oblongoguttata). All analyzed and reported specimens of G. klugii and G. oblongoguttata lack a main stria (one that crosses the thoracic shield), while all analyzed specimens of G. aurita have such a main stria. Head (Fig. 4A) , organ of Tömösváry (Fig. 4A, 4C) , antennae (Figs. 4A-4E), gnathochilarium (Fig. 4F), mandible (Fig. 5A), ozopore (Fig. 5B), collum (Fig. 5C ), thoracic shield (Fig. 5D ), male leg pair 1 (Fig. 5E ), leg pair 2 with gonopore (Figs. 5F, 5G), male leg pair 17 (Fig. 6A) , and the telopod (Figs. 6B-6D ) with inner horns (Fig. 6B) are illustrated. Ecology: G. aurita is unique among known species of Glomeris as it was apparently never collected below 1,400 m, but occurs spanning a zone ranging from 1,400-2,400 m, being most commonly recorded at an average elevation of 1,892 m. The habitats are very open mountain meadows (Fig. 3A) . While G. aurita was commonly found together with widespread species such as G. connexa and G. klugii and the local endemic G. oblongoguttata, all of the three latter species (but not G. aurita) could also be found at lower elevations. Kime & Enghoff (2011) mention records, without giving any details, of G. aurita from caves. Caves, with their constant cool climate, often show a rich Diplopoda fauna with numerous morphological adaptations . The studied specimens of G. aurita, however, show no sign of cave adaptations.
The activity period of G. aurita, at least on the surface, seems to span June to the middle of September, just 3.5 of 12 months of the year.
Glomeris oblongoguttata Verhoeff, 1894
Recent taxonomic review : Hoess & Scholl, 1999; Wesener & Conrad, 2016 (genetic analysis). Comments: As relatively few localities for this Bergamasque endemic (Kime & Enghoff, 2011) 
DISCUSSION
Comparison of the micro-CT scan with scanning electron microscopy
The micro-CT (Fig. 7) , conducted with a specimen still in the ethanol-filled collection vial, was obviously less invasive than the SEM scans, for which a specimen had to be dissected, dried, and sputtered with gold. The CT-scan, including the formatting, and the rendering (without any manual reconstruction), was as time consuming as the SEM, taking approximately 8 working hours. The SEM sample took 2 hours of preparation/dissecting, 2 hours for mounting, and 3 hours for taking the micrographs.
The results are difficult to compare. The SEM images show a much greater detail, including spines and setae (see , which are of taxonomic importance. In the SEM images, the striae on the thoracic shield (Fig. 5D ) and the transverse striae of the collum (Fig. 5C ) are clearly visible, which is not the case in the CT images (Figs. 7A-7E ).
Critical point drying of the specimen would probably have yielded better scan results, as was done in previous taxonomic studies (Akkari, Enghoff & Metscher, 2015; Liu, Rühr & Wesener, 2017; Sagorny & Wesener, 2017; Moritz & Wesener, 2017) , but this would impact the whole specimen and no longer be a minimally invasive technique. Manual reconstruction of certain body parts could have resulted in better illustrations, e.g., of the telopods. However, such reconstructions are time-consuming. For taxonomic descriptions of millipedes, while certainly adding important information and a digital specimen to the descriptions, it does not seem possible for the CT technology to replace more traditional techniques such as SEM.
Evolutionary history of G. aurita, a high-altitude endemic
Interestingly, all central European high-altitude pill millipede species show a local, restricted distribution in different areas of the Southern Alps. None occurs in the central or northern Alps (Kime & Enghoff, 2011) . This striking pattern might be connected with glaciations of the Alps, which only spared the southern-most mountains (Penck & Brückner, 1909; Holdhaus, 1954) . At least for soil arthropods, such as pill millipedes of the genus Glomeris, these southern, ice-free mountains formed viable refugia allowing the survival of local endemics in climatically unsuitable times.
G. aurita-a Nunatak pill millipede?
The closely related species G. oblongoguttata, a regional endemic of almost the same areas (Hoess, 2000) as G. aurita, occurs in some places syntopic to G. aurita, but is also found at much lower elevation. The fact that G. aurita is rarely found below 1,500 m, and at high-altitude often close to snow fields and some of the coldest microclimatic spots (own observation) are hints that G. aurita, unlike G. oblongoguttata, might represent a Nunatak survivor. The species might not have retreated to warmer refugia during glaciations, but potentially survived above the glaciers on mountain tops. The observed genetic difference Full-size DOI: 10.7717/peerj.5569/ fig-7 between the two sampled G. aurita populations (2.4%), despite being separated by less than 5 km (albeit divided by a valley), might be a further indication of such Nunatak endemism. Nunatak survivors are known from the area, such as the beetle Byrrhus focarilei (Fabbri & Pütz, 1997) Tribsch, 2004) in the Alps. Further genetic studies involving more specimens of G. aurita from other mountaintops will be necessary to substantiate this hypothesis.
Biogeographic evaluation-museum collections and citizen scientists
Aside from the single literature record and three samples that came as by-catch in our possession, the majority of locality records (10) of G. aurita came from museum collections (Fig. 2) . Given the few known localities where G. aurita was collected, the five new localities shown by photographic evidence via the Italian Naturalist forum (NaturaMediterraneo, 2018) significantly expand our knowledge about the distribution of the species. While most localities with citizen science evidence fall in between the localities of museum specimens, the Monte Baldo locality is located to the east of the area. This population of G. aurita is of special importance, as it is the only locality east of the Lago di Garda (Fig. 2) . During the last Ice Age, Monte Baldo was a Nunatak, completely isolated by the Adige glacier from other areas (Latella, Verdari & Gobbi, 2012) , with glaciers reaching as high up as 1,400 m (Penck & Brückner, 1909) . Monte Baldo is rich in local endemic invertebrates, including other millipedes such as Osellasoma caoduroi (Mauriés, 1984) , but also numerous plants and insects such as the grasshopper Pseudoprumna baldensis (Krauss, 1883) . A morphological and molecular analysis of G. aurita specimens of Monte Baldo is greatly encouraged to see whether or not the photographed pill millipedes belong to G. aurita or represent a local endemic. Given the known isolation of wellresearched Monte Baldo during the last Ice Age, it might be possible to date the observed genetic distances of the Monte Baldo population to those of other populations. This dating might allow a more precise dating of the speciation events of the genus Glomeris in northern Italy and beyond to finally gain a better understanding of the pill millipede microendemism so prevalent in the area (Wesener & Conrad, 2016) .
CONCLUSION
For Italian micro-endemic pill millipedes, the seven species of the G. dorsosanguine speciesgroup (G. dorsosanguine, G. judicaria, G. longaronensis, G. sanguinicolor, G. schubarti, G. solis, and G. strasseri) remain dubious. All seven species are found in the mountains of SE Italy, most of them only found once or twice. In their general colour pattern, some of those species resemble G. aurita. In addition, some other morphological characters used to separate these species by Verhoeff, such as an incomplete second stria on the collum, varies strongly within the here studied G. aurita specimens. Our studies (Wesener, 2015b; Wesener & Conrad, 2016 ; this study) confirm that only new collections of these species and subsequent molecular studies will be able to solve the mysteries surroundings the high number of local endemic pill millipedes in northern Italy.
